Taxon sampling is a central aspect of phylogenetic study design, but it has received 26 limited attention in the context of molecular dating and especially in the framework of total-27 evidence dating, a widely used dating approach that directly integrates molecular and 28 morphological information from extant and fossil taxa. We here assess the impact of different 29 outgroup sampling schemes on age estimates in a total-evidence dating analysis under the 30 uniform tree prior. Our study group are Pimpliformes, a highly diverse, rapidly radiating 31 group of parasitoid wasps of the family Ichneumonidae. We cover 201 extant and 79 fossil 32 taxa, including the oldest fossils of the family from the Early Cretaceous and the first 33 unequivocal representatives of extant subfamilies from the mid Paleogene. Based on newly 34 compiled molecular data from ten nuclear genes and a morphological matrix that includes 35 222 characters, we show that age estimates become both older and less precise with the 36 inclusion of more distant and more poorly sampled outgroups. In addition, we discover an 37 artefact that might be detrimental for total-evidence dating: "bare-branch attraction", namely 38 high attachment probabilities of, especially, older fossils to terminal branches for which 39 morphological data are missing. After restricting outgroup sampling and adding 40 morphological data for the previously attracting, bare branches, we recover a Middle and 41 Early Jurassic origin for Pimpliformes and Ichneumonidae, respectively. This first age 42 estimate for the group not only suggests an older origin than previously thought, but also that 43 diversification of the crown group happened before the Cretaceous-Paleogene boundary. Our 44 case study demonstrates that in order to obtain robust age estimates, total-evidence dating 45 studies need to be based on a thorough and balanced sampling of both extant and fossil taxa, 46 with the aim of minimizing evolutionary rate heterogeneity and missing morphological 47 TAXON SAMPLING IN TOTAL-EVIDENCE DATING 3 49 morphological matrix 50 51
information.
questionthe ingroup (Wheeler 1990 ; Nixon and Carpenter 1993; Giribet and Ribera 1998;  amber fossil that was tentatively placed in the extant subfamily Labeninae (McKellar et al. 147 2013). The oldest fossil associated with an extant pimpliform subfamily (and an extant genus) 148 is an acaenitine, Phaenolobus arvenus Piton, from the latest Paleocene. However, its 149 placement is questionable due to poor preservation, and more reliable records come from two 150 Early Eocene localities, the Green River Formation and Messel Pit (Spasojevic et al. 2018a, 151 2018b). 152 No studies have to date attempted to infer the age of Ichneumonidae as a whole or of 153 Pimpliformes in particular. The only previous studies with some bearing on the question are 154 one concerned with the sister family Braconidae (Whitfield 2002 ) and the other with the 155 entire order Hymenoptera (Peters et al. 2017) ; both studies included a very sparse sample of 156 ichneumonids. They report considerably different age estimates for the divergence between included a single representative, but additional species were included in some more 171 heterogeneous genera. The complete list of extant taxa is given in Supplementary file S1. 172 We aimed to get a good representation of fossil taxa from different time periods: from 173 the oldest ichneumonid fossils from the Early Cretaceous to fossils from the latest Oligocene 174 period (Supplementary file S2). Due to the controversial position of the extinct subfamily 175 Tanychorinae, which is somewhat intermediate in morphology between Ichneumonidae and 176 Braconidae, and poor sampling of the morphological diversity in Braconidae, we excluded 177 the two Tanychorinae fossils from most analyses (but see below). 178 Morphological and Molecular Data 179 We used the morphological matrix from , but with a 180 strongly expanded taxon sampling. Numerous additional character states were defined to 181 capture the added specimen diversity. The complete morphological matrix consists of 222 182 morphological characters coded initially for 150 extant and 79 fossil taxa (Supplementary 183 File S3). After observing attraction of fossil taxa to some non-pimpliform ichneumonids for 184 which we had not yet coded any morphological data ("bare-branch attraction", see Results 185 section), we added another 20 extant taxa to the morphological matrix, increasing the total 186 number of scored extant taxa to 170. Morphology was scored for the same species from 187 which we obtained molecular data, with a few exceptions where we scored a closely related, 188 congeneric species for morphology (Supplementary file S1). 189 Our molecular dataset includes nine nuclear protein coding genes (primers and 190 protocols in , the D2/D3 portion of the nuclear rRNA gene 28S, and 191 the mitochondrial cytochrome c oxidase (COI). We aimed to amplify these 11 genes for 146 192 extant taxa and achieved good coverage, with an average of seven genes successfully To assess branch length heterogeneity and to examine the power of our combined 201 molecular and morphological dataset to resolve ichneumonid relationships, we first ran a 202 non-clock analysis. As the analysis showed convergence issues with parameter estimation for 203 most of the 3 rd codon partitions of the nine nuclear protein-coding genes and for the entire 204 COI gene, we excluded those from all further analyses. The final alignment thus contained 205 ten genes and 4,011 bp. We partitioned the dataset by gene and codon position and used with Gasteruption (Evanioidea) chosen as the functional outgroup. 224 We ran four independent runs with four Metropolis-coupled chains each for 150 million 225 generations with a sampling frequency of 1000. The heating coefficient was set to 0.05 in 226 order to increase chain swap probabilities. To summarize the result, we used a conservative Ma (Supplementary file S5). We can thus assume that any more precise age estimates 256 resulting from the analyses with fossils will indeed be informed by the data and not the prior we increased the probability of the respective MCMC moves (MrBayes command blocks are 265 provided as Supplementary File S7). MCMC convergence proved much more difficult to 266 attain than in the non-clock analysis and was thus deemed satisfactory when the ASDSF 267 value was below 0.03, ESS values of all scalar parameters were above 100, and PSRF values were below 1.01. The ESS values between 50 and 100 and PSRF values above 1.01 were still 269 accepted for the tree length, tree height and clock rate parameters in some runs, as it was 270 difficult to get convergence on those even after 150 million generations.
271
TED Outgroup Settings 272 We tested five different outgroup sampling strategies (Table 1) 
We assumed that an erroneous placement of the oldest included fossils would have the 288 greatest influence, if any, on the age estimates. We thus used "RoguePlots" as described in The backbone of the majority-rule consensus trees from both the non-clock and TED 299 analyses was unresolved when fossils were included, which also reflected in the node support 300 values for lower-level relationships. However, when the fossils were excluded from the 301 sampled trees before summarizing them, the resolution at the backbone was strongly 302 improved and all the basal pimpliform nodes were highly supported in the non-clock analysis 303 (posterior probability >0.95). There were only a few topological differences between the non- influenced by the outgroup-sampling strategy (Fig. 2) . Age estimates were consistently older 334 when outgroup taxa other than ichneumonids or Tanychorinae were included (i.e., more 335 distant and more poorly sampled outgroups) ( Fig. 2 , Supplementary file S7 and S8).
336
Credibility intervals were widest when Tanychorinae, which only had very few coded 337 morphological characters, were used as outgroup, followed by the strategy with seven 338 braconid taxa. (Fig. 2, Supplementary file S8 ). 
Placement of Cretaceous Fossils 359
Placements of most of the Cretaceous compression fossils in our initial analyses with 360 different outgroup settings were rather similar: they clustered predominantly within crown-361 groups of non-pimpliform ichneumonid subfamilies ( Fig. 4a, Supplementary file S8) only sparse morphological information (Fig. 4a) . 376 We repeated the analysis with the "Xoridinae" outgroup setting after improving the with crown Banchinae was now close to zero (Fig. 4) . 
Impact of fossil placement on age estimates 396
Although the placement of the Cretaceous fossils significantly changed when the 397 improved morphological matrix was employed, the median age estimates remained relatively 398 stable (Fig. 5) . In contrast, there was a more obvious improvement in the precision of the age 399 estimates for all but one of the examined nodes (Supplementary file S8). The median age estimates for Pimpliformes varied widely across the different outgroup 408 analyses, ranging from 167 Ma to 263 Ma (Fig. 2, Supplementary File S8) . We suppose that 409 the age estimates were biased when more distant outgroups were included, as these outgroups were poorly sampled and no fossils provided time information for the outgroup branches to 411 accurately estimate evolutionary rate in this part of the tree. This notion is supported by the 412 smaller clock-rate variance and higher consistency in the age estimates when only close 413 outgroups ("Tanychorinae" and "Xoridinae") were included. 414 We thus report here only the preferred age estimates from the "Xoridinae" outgroup 415 setting, with the improved morphological matrix, as we deem initial placement of most of the 416 Cretaceous fossils among extant Banchinae erroneous ( Table   433 1. The names of the nodes are given if they do not correspond to the names of their tips.
434
Horizontal bars represent median and 95% credibility intervals for age estimates. 
453
As in most of the previous studies, our outgroups were not only sparsely sampled for extant taxa, but were also missing fossils and most of the morphological data. All these outgroup settings recovered older and usually less precise age estimates than when restricting 456 our dataset to more closely related outgroup taxa for which greater and more even effort in 457 sampling both of extant and fossil taxa has been applied ("Xoridinae" outgroup setting).
458
Interestingly, when two potentially transitional fossils between Braconidae and 459 Ichneumonidae were used as outgroup ("Tanychorinae" outgroup setting), the median age 460 estimates and clock variance were not affected, but their precision was. This could result 461 from the larger uncertainty in the age of these fossils (Supplementary file S2) and the fact that 462 only very few morphological characters were scored for them (9% and 17%, respectively).
463
Our results might suggest that many of the previous TED analyses would recover 464 younger and likely more accurate age estimates with more detailed and/or restricted outgroup excluded, as we exemplified in our study; but this has rarely been employed in total evidence 474 dating studies (but see Grimm et al. 2015) .
475
Challenges for fossil placement in TED 476 In TED analyses, the placement of fossils is solely dependent on the available 477 morphological information for both fossil and extant taxa. The quality of fossil placement 478 based on morphological matrices is thus primarily limited by imperfect preservation of fossils, but also by high levels of morphological homoplasy, which has been reported for
We showed that the predominant placement of most Labenopimplinae (and other most likely due to a rapid radiation early in their evolution ). In our 553 study, we utilized a small set of eleven genes but with an extensive sampling of pimpliform 554 genera and morphological characters. We recovered a very similar tree topology as in the 555 nucleotide versions of the previous analysis. The few differences mainly concern 556 relationships within the clade of koinobiont endoparasitoids, but these were weakly resolved 557 in both analyses. However, with our increased taxon sampling, we recover some previously 558 unclear or unidentified relationships.
559
The monophyly of Acaenitinae was never supported in previous molecular analyses 560 ( The monophyly of the subfamily Pimplinae has already been questioned in the past. It We have demonstrated that poor outgroup sampling can negatively affect both accuracy 602 and precision of age estimates in total-evidence dating analyses. To achieve more reliable 603 age estimates, one should consider a more detailed taxon sampling that includes 604 morphological and fossil data from a closely related outgroup, or alternatively first perform a 605 non-clock analysis including outgroups, and then use topology constraints to correctly 606 position the root in the dating analysis, while excluding any sparsely sampled outgroup taxa.
607
We also illustrated the importance of careful consideration of fossil placement in total-608 evidence dating analyses in order to identify artefacts or biases. The bare-branch attraction 609 artefact that we have discovered here might turn out to be universally problematic for TED.
610
Thus, it deserves further assessment in the future, possibly through simulation studies, but it 611 can easily be circumvented by a more complete sampling of morphology for extant taxa.
612
Finally, we provided the first age estimate for the extremely diverse group of 613 ichneumonid parasitoid wasps. The obtained Jurassic origin for the family and for 614 Pimpliformes agrees with the timing of the radiation of their major host groups. It remains to 615 be seen how the age estimate for the family will change when more fossils are included in a 616 TED analysis; this will require a major upgrade of the morphological matrix that includes 617 filling in all the missing morphological information and improving the sampling of non-618 pimpliform ichneumonid extant taxa.
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